Synopsis
The livers removed from thyroidectomized and L-T4 supplemented rats were rapidly frozen by Freon-12 chilled with liquid nitrogen, and concentrations of metabolites which affect glycogen synthetase and phosphorylase were determined. Serum and liver glucose levels were not changed in any state of thyroid functioning. But liver G6P and ATP were increased by thyroidectomy and decreased by L-T4 supplement, while cAMP was increased by the hormone supplement. The"enzyme activity" ratio of glycogen synthetase a to phosphorylase a was increased by thyroidectomy and decreased by L-T4 supplement. The most intimate correlation was observed between the"enzyme activity" ratio and the ratio of the "energy charge" ratio to cAMP among other indices calculated from changes in the metabolite concentrations in the various thyroid functioning. The change in the substrate levels brought about by thyroidectomy and L-T4 supplement appeared to modulate both the enzyme activities which in turn regulate the glycogen metabolism.
Introduction
It has been reported that thyroid hormones markedly affect liver carbohydrate metabolism (Bargoni et al., 1961 (Bargoni et al., , 1966 (Bargoni et al., , 1968 Menahan and Wieland, 1969; Tata et al., 1963) . Liver glycogen content is increased slightly by thyroidectomy and markedly decreased when thyroid hormone is administered to hypothyroid and normal rats and guinea pigs (Chilson and Sacks, 1959; Tata et al., 1963; Orunesu et al., 1969) .
Glycogen metabolism in the liver as well as in the muscle is controlled by two regulatory enzymes, glycogen synthetase and phosphorylase. Recent studies have shown that glycogen synthetase and phospholylase are regulated by two important control mechanisms : (1) enzymatic modification by interconversion between active or a form and inactive or b form (Hizukuri and Lamer, 1964; Hers, 1964; Villar-Palasi et al., 1966; Surtherland, 1951; Krebs and Fischer, 1955; Cori and Illingworth, 1956 ) and (2) metabolite regulation of both the enzymes as allosteric effects (Leloir and Goldberg, 1960; Vardanis, 1967; Lowry et al., 1964; Madsen and Shechosky, 1967; Monod et al., 1965; Morgan and Parmeggiani, 1964) .
This study will show that various thyroid states resulted from thyroidectomy and L-T4 administration alter the hepatic concentra- 
Results
Change in serum and hepatic glucose, hepatic glycogen and G6P after thyroidectomy and L-T4 supplement.
The concentration of serum and tissue glucose was maintained within the normal control range after thyroidectomy and L-T4 supplement (Table 1) .
In contrast to both the glucose levels, hepatic glycogen concentration tended to increase in the thyroidectomized group and decreased significantly within 24 hours after the single injection of L-T4 to thyroidectomized rats. This tendency was also observed when the animals were deprived of their food for 6 hours before sacrifice, although the value for each group was decreased to about half by the starvation (Table 1) .
The G6P concentration also tended to be increased by thyroidectomy and was decreased markedly by 12 hours after L-T4 administration (Table 1) .
Change in hepatic adenylates,"energy charge"ratio and cAMP levels after thyroidectomy and L-T4 supplement.
In the present data, we described a little higher concentrations of tissue ATP, indicating the reliability of the previous method. However, as shown in Table 2 , essentially the same change in adenylate concentrations was observed as reported in the previous paper; the ATP level tended to be increased by thyroidectomy and decreased within 12 hours after L-T4 treatment, while the AMP and ADP levels were not altered after either thyroidectomy or L-T4 administration. The total adenylate concentration was not changed in any of the groups. (Atkinson and Walton, 1967 ) was found to be obviously higher than the previous values. However, the tendency was essentially the same; the ratio was higher in the thyroidectomized group than in the normal one and suppressed by L-T4 administration within 12 hours (Table  3) . Effect of thyroidectomy and L-T4 supplement on glycogen synthetase and phosphorylase activities.
Total glycogen synthetase activity, consisting of glycogen synthetase (a+b) activity, was measured with the presence of 10mM G6P following Lamer (1966) . The activity did not appear to be significantly altered by the various treatments, but it seemed to be gradually increased by L-T4 administration (Fig. 1) .
Glycogen synthetase a activity assayed in the absence of G6P was not altered by the thyroidectomy and the L-T4 supplement. Glycogen synthetase b activity was calculated from the difference between the total and glycogen synthetase a. It appeared to be slightly depressed by thyroidectomy and was increased by L-T4 supplement.
However, these changes in glycogen synthetase activity were statistically insignificant.
Phosphorylase a activity in the same homogenate as used for the glycogen synthetase assay was determined. In order to prevent transconversion between a and b enzyme forms, the homogenizing buffer contained 50mM NaF and 20mM EDTA and the reaction mixture contained finally 125 mM NaF and 15mM EDTA (Lamer, et al., 1968; De Wulf and Hers, 1968b) and in this condition the transconversion was prevented entirely (unpublished data). As shown in Table  1 . Fig. 2 , the activity diminished in the thyroidectomized control group and gradually increased following L-T4 administration and a statistically significant difference from the thyroidectomized control was observed after 48 hours. Both the enzyme activities showed lower values than the previous data (Takahashi and Suzuki, 1971) . The spontaneous interconversion from b to a form might occur in both the enzymes because of the prolonged postmortem changes by the previous method.
Change in a ratio of glycogen synthelase a to phosphorylase a following thyroidectomy and L-T4 supplement.
As shown in Table 4 , the ratio of glycogen synthetase a to phosphorylase a activity, measured from the same preparation, was calculated from the data shown in Fig. 1 and 2. This enzyme activity ratio implies a relative glycogen synthetic activity. The ratio tended to increase in the thyroidectomized group and diminished significantly within 12 hours following L-T4 administration. 2) . When the ratio of glycogen synthetase a to phosphorylase mined in the same preparations, it was seen to tend to be increased by thyroidectomy and to be significantly suppressed 12 hours after L-T4 administration in spite of a slight alteration in both enzyme activities (Table 4) . This enzyme activity ratio may indicate a relative glycogen synthetic activity. Since both the enzyme activities are regulated by many metabolic modulators including some metabolites affecting the two enzymes conversely, it is important to consider that the modulators bring about an integrative control on both the enzyme activities in liver glycogen metabolism. The metabolites modulate both the enzyme activities through two mechanisms;
(1) metabolic interconversion of both the enzymes through phosphorylation and dephosphorylation by protein kinase and phosphatase and (2) metabolite regulation of allosteric effects. According to the above-mentioned mechanisms, the metabolites are divided into four groups; (1) activating effectors of glycogen synthetase 1968a, b; Glinsmann et al., 1970) (2) inhibiting effectors of glycogen synthetase a: AMP, ATP, cAMP and glycogen (De Wulf and Hers, 1968a, b; De Wulf et al., 1970; Glinsmann and Hem, 1969; Bishop and Lamer, 1969) , (3) activating effectors of phosphorylase a: AMP, cAMP and glycogen (Wolf et al., 1970; Lowry et al., 1964; Monod et al., 1965; Morgan and Parmeggiani, 1964; Stalmans et al., 1970; Nolan et al., 1964; Walsh et al., 1968) and (4) inhibiting effectors of phosphorylase a: glucose, G6P, ATP and ADP (De Wulf and Hers, 1968a; Glinsmann et al., 1970; Parmeggiani, 1962, 1964) . It is worth noting that the range of changes in metabolite concentrations in the various thyroid states is close to effector concentrations which modulate the enzyme activities including glycogen synthetase phosphatase, phosphorylase phosphatase, glycogen synthetase kinase and phosphorylase kinase (See the above references).
In order to clearly represent the integrative effect of the metabolic modulators on the glycogen synthetase and phosphorylase activity, these metabolite levels were put in order as follows: (Table 5 ). In another trial of this sort of mathematical treatment, a correlation coefficient between the enzyme activity ratio and a ratio of the "energy charge" ratio to cAMP was calculated because of their important effects on both the enzyme activities (Lowry et al., 1964;  Tissue glucose levels were used for the calculation. Morgan and Parmeggiani, 1964; De Wulf and Hers, 1968a; De Wulf et al., 1970; Stalmans et al., 1970) . In this case, the significant and the highest correlation coefficient was found (r=0.886) (Table 5) . Obviously, other substances may contribute to the regulation of both the enzyme activities; inorganic phosphate (De Wulf et 1963; Gold, 1970) , glucocorticoid (De Wulf and Hers, 1968a; Stalmans et al., 1970) , epinephrine (De Wulf and Hers, 1968c) , glucagon (Bishop and Lamer, 1967; De Wulf and Hers, 1968c) and insulin (Steiner and King, 1964; R.-Perez et al., 1962; Bishop, 1970; Bishop and Lamer, 1967; Lamer et al., 1968) . As far as epinephrine and glucagon are concerned, their effects are exerted through the change in cAMP levels which are shown in Table 2 . Possible changes by thyroid hormone in other effectors such as inorganic phosphate, Mg2+, glucocorticoid and insulin remain yet to be studied.
At present, however, this kind of treatment to find out a significant correlation between the enzyme activities and the effector concentrations is considered to be a useful measure in a so complicated interrelation.
The fact that an intimate relationship exists between the enzyme activity ratio and the ratio of the "energy charge" ratio to cAMP may be recognizable as a metabolite feedback control mentioned by Atkinson (1965) and metabolic control of cAMP. One of the mechanismus on the regulation of glycogen metabolism in the liver by thyroid hormone may well be ascribed to the integrative control due to the metabolites which are altered by the thyroid functioning states on both the enzyme activities.
